XAFS spectroscopy using synchrotron radiation is an extremely suitable technique to study local atomic and electronic structure of mixed Th 1−x U x O 2 and Th 1−x Pu x O 2 oxides. Despite of XAFS technique overall success, a pico-meter barrier (10 −2 Å) exists in XAFS data analysis. Here we present the dependence of the mixed oxide structure on composition, probed by XAFS with picometer accuracy. Complimentary XAFS spectra were measured at the Th, U, and Pu L-edges. We found that opposite to the lattice parameter obtained by XRD, the distances given by XAFS for the first and second shells do not follow completely neither Vegard's law nor the virtual crystal approximation (VCA). The Th-O, U-O and Pu-O distances obtained vary slightly upon dilution. These values are close to the ones expected from Vegard's law but are always smaller than the ones expected in VCA. The U-U(Th) and Th-Th(U) distances vary strongly upon dilution and the values are close to the ones expected from the VCA model but are always smaller than the ones expected by the Vegard law. The average lattice parameter calculated from XAFS data agrees well with a random distribution of metal (Th, U, Pu) and with one calculated from XRD data. With this complementary XAFS data on the local structure around two selected metal ions it is then possible to give a better view on the mixed oxides structure, the distribution of the two metal ions and local distortions in such medium crystal structure studied by XRD.
Introduction
In the last decade, there has been a renewal of interest in studying the feasibility of thorium based fuel reactors as a potential advanced fuel for Generation IV nuclear energy systems that can be operated to relatively high burn-ups, and producing less minor actinides than uranium based fuel [1, 2] . Solid solutions of uranium and thorium oxide are being developed as fuel for the thermal breeding reactors and high temperature gas cooled reactors.
The lattice constant of Th 1−x U x O 2 and Th 1−x Pu x O 2 solid solutions changes linearly with x in the whole region, a feature commonly referred to as Vegard's law [3, 4] . Such behaviour does not exclude a bimodal distribution of nearest-neighbour (NN) distances in the solid solutions as diffraction methods do not provide sufficient information on the local structure in disordered crystals [5] . It is somewhat surprising that the XAFS analysis well developed for solid solutions [6] has not yet been extensively exploited in the study of actinide dioxide solid solutions (Th 1−x U x O 2 , U 1−x Pu x O 2 , etc.). and at CEA (Valhro, France) according the previously described procedure [2] . All the samples were characterized by using XRD. The lattice constant of Th 1−x U x O 2 and Th 1−x Pu x O 2 solid solutions changes linearly with x in the whole region in a good agreement with the literature data [2] [3] [4] .
Experimental details and data analysis
The XAFS measurements of Th 1−x U x O 2 and of Pu 1−x U x O 2 were performed on the D44 (XAS4) "hot" beam line of the LURE DCI synchrotron radiation facility (Orsay, France). A standard transmission scheme with a Ge (400) double crystal monochromator and two ion chambers containing argon gas was used. The powders of Th 1−x U x O 2 and of Th 1−x Pu x O 2 solid solutions were finely ground and mechanically mixed with cellulose powder. The adjusted thickness of the samples permits us to reach a value for the absorption jumps between 0.2 to 0.8 depending on the composition of the solid solutions.
The XAFS were treated using the "EDA" software package following the standard procedure [7] . The experimental XAFS spectra (k)k 2 were Fourier transformed (FT) with a KaiserBessel window in the 0-15 Å −1 range. In all the FT's of the experimental spectra ( Fig. 1 ) there are two main peaks located at 1.9 Å and 3.8 Å with a smaller pre peak at 3.2 Å, and lower peaks from 4.5 to 6 Å.
We have analysed the Th, U and Pu L 3 -edge XAFS of the solid solutions to determine the change bond lengths in the first and second coordination shells as a function of solid solutions composition. Representative FT of the Th L 3 -edge XAFS are shown in Fig. 1 . As a general feature, the first peaks in the Th, U 
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and Pu FT of the solid solutions are sharp and show a small, but significant and gradual shift to those in the respective standards (ThO 2 and UO 2 ). The second peak is also sharp and shows a more visible gradual shift from one end member to the other.
The single-shell XAFS spectra were fitted using singlescattering curved-wave formalism with picometer accuracy [8] . The XAFS data were analyzed using two different approaches: the phases and amplitudes were either calculated or obtained experimentally from a crystalline reference. Theoretical backscattering amplitudes and phases were calculated by the FEFF8 code using different clusters that mimic the possible environment of the An 4+ ions in solid solutions, respectively [9] .
Results and discussion
The interpretation of the XAFS spectra in Th 1−x U x O 2 and Th 1−x Pu x O 2 solid solutions is analogous to the pure oxides (see XAFS analysis of ThO 2 , UO 2 and PuO 2 in ref. [10] [11] [12] [13] ) due to the very small differences in the scattering amplitude and phase shift functions of thorium, uranium and plutonium atoms: here the visible differences are only caused by the change of the lattice constant with the composition and by the very small differences in the scattering amplitude and phase shift functions of thorium and uranium (plutonium). The first effect is responsible for the shift in the energy position of the features of the FT while the second one for the small decrease of the second peak amplitude of the FT. We estimate that at room temperature the thermal broadening (Debye Waller factor) contributes 2 = 0.005 Å 2 to the DW factor in the Th-O and U-O near-neighbour distribution.
First-neighbor environment
From the XAFS fitting data in the first coordination shell we conclude that the distances R U-O , R Th-O and R Pu-O vary linearly upon dilution in the solid solutions (Figs. 2 and 3) . The values (R Th-O , R U-O and R Pu-O ) are closer to the ones expected from Vegard's law (Pauling model -the partial molar volume of each constituent is independent of concentration) than to the ones expected from the VCA. We estimate an uncertainty of 0.003 Å in the near-neighbour distances, corresponding to a factor of 2 increase in the reliability of-fit parameter from a minimum value, expected in the dilute alloys (10 mol%) where the error is ∼0.005 Å. The total decrease in R Th-O in Th 1−x U x O 2 from pure ThO 2 to pure UO 2 (linear interpolation to 0 mol% Th in UO 2 ) is 0.019 ± 0.003 Å, or ∼35% of the difference between R Th-O and R U-O in the end-point compounds (impurity limit). At the same time the increase in R U-O from pure UO 2 cluster is characteristic in these two solid solutions. At the same time the increase in R Pu-O from pure PuO 2 to the impurity limit of Pu in ThO 2 is 0.0425 ± 0.005 Å, or ∼54% of the difference between R Th-O and R Pu-O in the end-point compounds which is the highest "compressibility" observed.
Second-neighbour environment
On the contrary to the first shell, the U-U(Th) and Th-Th(U) distances vary strongly upon dilution and the values are close to the ones expected from theVCA model but are always smaller than the ones expected by the Vegard law. We estimate an uncertainty of 0.005 Å in the second-neighbour distances, corresponding to a factor of 2 increase in the reliability-of-fit parameter from a minimum value, expected in the dilute alloys (10 mol%) where the error is ∼0.005 Å. The total decrease in R Th-U(Th) from pure ThO 2 to pure UO 2 (linear interpolation to 0 mol% Th in UO 2 ) is 0.067 ± 0.003 Å, or ∼71% of the difference between R Th-Th and R U-U in the end point compounds. At the same time the increase in R U-Th(U) from pure UO 2 to pure ThO 2 (linear interpolation to 0 mol% U in ThO 2 ) is 0.080 ± 0.003 Å, or ∼86% of the difference between R Th-Th and R U-U in the end point compounds. The total decrease in R Th-Pu(Th) from pure ThO 2 to pure PuO 2 (linear interpolation to 0 mol% Th in PuO 2 ) is 0.105 ± 0.010 Å, or ∼84% of the difference between R Th-Th and R Pu-Pu in the end point
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C Physica Scripta 2005 compounds. At the same time the increase in R Pu-Th(Pu) from pure PuO 2 to pure ThO 2 is 0.105 ± 0.010 Å, or ∼84% of the difference between R Th-Th and R Pu-Pu in the end point compounds.
